Recent studies of genome-wide chromatin interactions have revealed that the human genome is partitioned into many selfassociating topological domains. The boundary sequences between domains are enriched for binding sites of CTCC-binding factor (CTCF) and the cohesin complex, implicating these two factors in the establishment or maintenance of topological domains. To determine the role of cohesin and CTCF in higher-order chromatin architecture in human cells, we depleted the cohesin complex or CTCF and examined the consequences of loss of these factors on higher-order chromatin organization, as well as the transcriptome. We observed a general loss of local chromatin interactions upon disruption of cohesin, but the topological domains remain intact. However, we found that depletion of CTCF not only reduced intradomain interactions but also increased interdomain interactions. Furthermore, distinct groups of genes become misregulated upon depletion of cohesin and CTCF. Taken together, these observations suggest that CTCF and cohesin contribute differentially to chromatin organization and gene regulation.
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Hi-C | transcriptional regulation | 4C | HOX cluster R ecent studies of the topological organization of the genome suggest that CTCC-binding factor (CTCF) and cohesin might be involved in establishment or maintenance of topological domains in the mammalian genome, as their binding sites are enriched at the boundaries of these domains (1) . It was proposed that CTCF and cohesin might work together to facilitate longrange interactions in the genome (2) . First, CTCF and the cohesin complex, consisting of the core subunits SMC3, SMC1, RAD21, and STAG1/SA1 or STAG2/SA2, were found to colocalize extensively throughout mammalian genomes (3) (4) (5) . Second, both factors are involved in mediating long-range interactions (6) (7) (8) (9) (10) (11) . Finally, cohesin was shown to be important for CTCF's chromatin insulation function (3) (4) (5) , whereas CTCF is necessary to recruit cohesin to the shared binding sites but not to chromatin (3) . CTCF and cohesin have also been recently correlated with both interaction frequency and gene expression during differentiation (12) , indicating that they may play major roles in mediating the impacts of chromatin structure on gene regulation. However, the exact mechanisms these factors use to contribute to chromatin structure and gene regulation are unclear, as depletion of these factors has not yet been systematically tested on a genome-wide basis. Whether the two factors work in concert or independently, through mechanisms, such as long-range enhancer looping (13) or chromatin insulation (2) to control chromatin structure and gene expression, is unknown. To determine the role of cohesin and CTCF in higher-order chromatin architecture in human cells, we depleted the cohesin complex or CTCF and examined the consequences of loss of these factors on domain structure and gene expression.
Results

Proteolytic Cleavage of RAD21 Leads to Loss of Long-Range Chromatin
Interactions. To understand the contribution of cohesin to genome organization, we generated a HEK293T cell line containing an episome-based vector allowing doxycycline-inducible expression of siRNA targeting endogenous RAD21 and a RAD21-EGFP variant containing a recognition site for Human rhinovirus 3C (HRV) protease (RAD21cv) (14) (Fig. 1 A and B) . Three days after induction, RAD21cv replaced up to 90% the endogenous RAD21 (SI Appendix, Fig. S1A ) and was incorporated in the cohesin complex (SI Appendix, Fig. S1B ). Subsequent transfection of these cells (transfection efficiency ∼80-90%) with a construct expressing HRV protease led to full cleavage of RAD21cv within 24 h (Fig. 1C) ; TEV (tobacco etch mosaic virus) protease was used as negative control.
With this system we could rapidly remove the cohesin complex from interphase chromosomes, similar to natural RAD21 cleavage by separase in mitosis (15) . Similar systems have been used before to study cohesin in yeast and fly (14, 16, 17) .
Fractionation of HRV-or TEV-transfected RAD21cv cells into soluble and chromatin-bound fraction showed that RAD21cv
Significance
For the 2m DNA to fit into the tiny cell nucleus, it is wrapped around nucleosomes and folded into loops clustering together in domains. Genome function depends on this 3D-organization, especially on-going dynamic processes like transcription. Techniques studying the network of DNA contacts genome-wide have recently revealed this 3D architecture, but the protein factors behind this are not understood. We study two proteins that are known to help form DNA loops: cohesin and CTCCbinding factor (CTCF). Respective depletion and analysis of DNA contacts genome-wide show that CTCF is required to separate neighboring folding domains and keep cohesin in place, whereas cohesin is important for shaping the domains. Consistently, we observe different changes of gene expression.
had fully replaced wild-type RAD21 and bound with a comparable level to chromatin. Transfection of RAD21cv cells with HRV protease led to release of RAD21cv from chromatin, but not TEV protease. CTCF remained chromatin-bound (Fig. 1D) . The chromatin-bound RAD21 fraction was reduced by 70-80%, estimated from ChIP/quantitative PCR (qPCR) experiments targeting several cohesin binding sites (Fig. 1E ). This rapid destruction of cohesin allowed us to study the immediate effect of cohesin loss on chromatin organization and transcription, without interfering with cohesin's function in cell division, because neither a shift in cell cycle distribution nor cells arrested in mitosis were observed (SI Appendix, Fig. S2 ).
To test whether the cleavage of cohesin affects long-range chromatin interactions, we used the 4C technique (18, 19) , which identifies all regions interacting with one "viewpoint." To examine the interior and the borders of one topological domain (1) (Fig. 1F ) after RAD21 cleavage, we selected six viewpoints (Vp1-Vp6) overlapping cohesin/CTCF sites ( Fig. 1 G and H) in chr11p15.5 comprising the noncoding RNA H19, the insulinelike growth factor 2 (IGF2) gene, and other imprinted genes (here, the H19/IGF2 domain), which we previously used to establish the role of cohesin in chromatin insulation (3) .
In control cells (RAD21cv/TEV) we observe, as reported before (8) , that the IGF2 promoter region (Vp1) interacts strongly with an intergenic region between H19 and IGF2 and one viewpoint there confirms this (Vp2). Further contacts of Vp1 and Vp2 persist to the region upstream of H19 (Vp3) and over a 500-kb region until the proximal keratin associated protein gene cluster (KRTAP) near the domain boundary. One viewpoint (Vp4) in a cohesin-depleted region shows only weak interactions. A viewpoint at the upstream boundary (Vp5) shows weak interactions with both domains and another viewpoint within the neighboring domain downstream (Vp6) consistently shows interactions until the domain boundary. We observed similar interaction profiles in the breast endothelial cell line 1-7HB2 (abbreviated HB2), indicating their conservation between cell lines (SI Appendix, Fig. S3 ).
Cleavage of RAD21 led to a global loss of interactions across the entire domain at all viewpoints (Fig. 1H, red line) . Correlation analysis of the interactions identified by the different viewpoints in the control 4C experiments revealed close correlation between viewpoints Vp1-Vp5, consistent within their localization in the same topological domain. This correlation was reduced after RAD21 cleavage, reflecting the loss of interactions (SI Appendix, Fig. S4 ). A control experiment with a cell line lacking the HRV cleavage site in RAD21-EGFP (RAD21wt) did not show altered cohesin binding and long-range interactions after transfection with HRV protease (SI Appendix, Fig. S5 ). These results strongly support that cohesin plays a role in higherorder chromatin structure within this domain.
RAD21 Depletion Predominantly Reduces Shorter-Range Interactions
Within Topological Domains. To investigate whether cohesin plays a general role in topological domain organization, we performed Hi-C experiments with control cells (RAD21cv/TEV) and after RAD21-cleavage (RAD21cv/HRV). We obtained greater than 370 million nonredundant uniquely mapping read pairs for both control and RAD21-cleaved cells, split between two biological replicates for each condition and high correlation between the replicates was observed (Pearson correlation 0.90/0.90) (SI Appendix, Fig. S6 ). We normalized the Hi-C interaction frequencies according to the iterative correction method (20) . For each control and RAD21 cleavage replicate we located the topological domains using a previously described algorithm (1) . Of note, the resolution of Hi-C data is dependent upon the depth of sequencing for each sample. With our current sequencing depth, we can readily identify topological domains and analyze relationships between interaction frequencies and various genomic elements or DNA binding factors. However, current high-throughput sequencing technologies are still insufficient to identify differences in interaction frequency between individual binding sites on a genomewide level using Hi-C data. Therefore, our analysis focuses on aggregate genomewide trends in interaction frequency and their relationship to cohesin and CTCF binding patterns.
To determine genomewide cohesin binding, we performed ChIP-seq for the cohesin subunit SMC3 in control cells (RAD21cv/ TEV). As observed previously (1), cohesin sites were enriched at the boundaries of topological domains (SI Appendix, Fig. S7A ), although this was only seen for SMC3 sites overlapping with CTCF (SI Appendix, Fig. S7 C and D) .
To correlate overall Hi-C interaction frequencies with SMC3 binding, we divided the genome into 40-kb bins and stratified the interacting bin-pairs according to whether SMC3 binds to both bins ("SMC3 2×"), only one bin ("SMC3 1×"), or none ("none") ( Fig. 2A) . We observed a higher interaction frequency in control Hi-C experiments between bin-pairs containing SMC3 sites on both ends than when only one or no SMC3 site was present (Fig. 2B ), supporting the hypothesis that cohesin mediates long-range chromatin interactions genomewide. Upon cleavage of RAD21, we observed an overall loss in local chromatin interaction frequency, primarily occurring at distances up to 2 Mb, with a maximum in the range between 100 and 200 kb (Fig. 2C ). The decrease in chromatin interaction frequencies after RAD21 cleavage was the highest when both interacting regions were bound by SMC3 (Fig. 2C, Inset) . The observed loss of interactions, tested for example on bins 240-kb apart, is statistically significant (P = 3 × 10 −197 , Wilcoxon test) (Fig. 2D ). We next investigated the effects of cohesin complex destruction on topological domains. The positions of most topological domains did not markedly change upon cleavage of RAD21 and their pattern is still readily apparent in the interaction heat maps. Although we consistently called fewer domains in the RAD21-depleted cells, there was a strong overlap between domain boundaries identified in the control and RAD21-depleted cells (Fig. 2 E and F) . This observation is not surprising because cohesin and CTCF likely are not the only factors responsible for long-range interactions (12, 13) . However, consistent with the previously described general loss in interaction frequency, we also observed a clear reduction in interaction frequency after RAD21-depletion, both within and between domains (SI Appendix, Fig. S8A) . Interestingly, the degree of depletion in interaction frequency within domains was most pronounced when one or both interacting bins were associated with a boundary (SI Appendix, Fig. S8B ). We performed 3D-FISH (21) and measured distances between cosmid-based FISH probes located at boundaries of one domain comprising the homeobox D (HOXD) genes (Fig. 2G) . Consistent with Hi-C results, we observed significantly increased distances (P = 5,632 × 10
, ANOVA) between the FISH probes after RAD21 cleavage ( Fig. 2 H and I) . Consequently, these results suggest that the cohesin complex contributes to the self-association within topological domains, in part by promoting interactions between regions near the boundaries. However, cohesin depletion does not appear to contribute to the positioning and segregation of neighboring domains.
Cohesin and CTCF Shape the Topological Domain Organization in Nonredundant Ways. To determine the role of CTCF in mediating chromatin interactions and to compare it to the effects of RAD21 cleavage, we performed Hi-C experiments in duplicate for CTCF and control siRNA knockdowns in HEK293T cells (knockdown efficiency 80%) (SI Appendix, Fig. S9 A and B) . We obtained between 95 and 288 million unique reads for each replicate, with high correlation between them (Pearson correlation 0.93/0.94) (SI Appendix, Fig. S6 ). Similar to SMC3, CTCF binding sites are enriched at the boundaries of topological domains in control cells (SI Appendix, Fig. S7B ). Interestingly, CTCF sites at domain boundaries are more closely aligned to the CTCF binding motifs than CTCF binding sites found within topological domains (SI Appendix, Fig. S7E ). CTCF binding also correlates with the strength of Hi-C interaction frequency, where interacting bin-pairs bound by CTCF on each side form stronger interactions compared with regions with only one or no CTCF sites (Fig. 3 A and B) .
Upon knockdown of CTCF, we observed a loss of interactions within topological domains but, in contrast to RAD21 cleavage, we also observed a gain of interactions ( Fig. 3 C and D) . Detailed analysis of the changes in interaction frequencies versus distance between bins, localization of bins in the same (intradomain) or different topological domains (interdomain), and also whether bins have SMC3 or CTCF sites, revealed very interesting details (Fig. 3 E-J) . RAD21 depletion appeared to most markedly affect interacting loci separated by 100-200 kb (Figs. 2C and 3E), but CTCF knockdown appeared to most prominently affect interacting loci separated by less than 100 kb (Fig. 3H ). This finding implies that depletion of CTCF or cohesin affects interactions within topological domains differently. However, in both cases the loss of interactions was more pronounced for intradomain interactions (Fig. 3 E and H, blue line) , and in the case of RAD21 depletion, even more when interacting bins have SMC3 sites (Fig. 3F) . In the CTCF knockdown experiment we did not observe this (Fig. 3I) . Most remarkably, CTCF and cohesin depletion differentially altered interactions between topological domains (Figs. 3 E and H, yellow lines). RAD21 depletion again led to reduced interactions (Fig. 3E, yellow line) , but CTCF depletion led to a gain of interactions between neighboring domains (Fig. 3H, yellow  line) . This increase was seen over a distance scale up to 2 Mb, consistent with the range of domain sizes (SI Appendix, Fig.  S11B ), and was more pronounced when CTCF-binding sites were involved (Fig. 3 G and J) . This suggests that CTCF is necessary to maintain topological domain boundaries. Interactions gained by CTCF depletion could involve cohesin, which is now delocalized (3) but still chromatin-bound (SI Appendix, Fig. S9C ). Consistently, the largest gains in interdomain interaction frequency after CTCF knockdown occurred between bins containing CTCF or cohesin sites (SI Appendix, Fig. S10 ). Taken together, our observations suggest that cohesin and CTCF shape genomic structure on the level of topological domains in a nonredundant manner.
Chromatin Substructures Within Topological Domains also Depend on
Cohesin and CTCF. Frequently, topological domains appear to harbor substructures (SI Appendix, Fig. S11A ), which have been recently described as "subdomains" or "sub-TADs" (12) . This suggests that some topological domains have a nonuniform interior structure, and certain factors may influence these intradomain structures. Cohesin and CTCF have recently been shown to be enriched at the boundaries of subdomains (12) . To determine how cohesin or CTCF depletion affects these substructures, we modified our previously applied hidden Markov model (1) to identify subdomains. We identified ∼2,600 subdomains in control experiments (RAD21cv/TEV and control siRNA) with a median size of 520 kb, compared with a 1,080-kb median size for topological domains (SI Appendix, Fig. S11B ). Overall, after RAD21 cleavage similar alterations in interaction frequencies could be observed when considering both domains and subdomains for intra-and interdomain interactions (SI Appendix, Fig. S11 C and D) . However, after CTCF depletion the loss of interactions within subdomains seemed to be more pronounced compared with interactions within entire topological domains, and the gain in interactions was stronger between topological domains compared with between subdomains (SI Appendix, Fig. S11 C and E) . Therefore, CTCF appears to function within domains less as an "insulating factor" and more that it appears to be contributing to nonuniform structures that exist within some topological domains. In contrast, cohesin appears to function, regardless of its genomic context, as a factor that contributes to the association between loci (SI Appendix, Fig. S11D ). The observed differences between these two factors suggest that cohesin may function primarily by causing the interaction between loci In the fold-change relative to the "none" category, the CTCF 2× class has a higher interaction frequency than CTCF 1× with a maximum for bins 100-to 200-kb apart. (C) The differential interaction map (HRV-TEV) displays changes in interaction frequencies after RAD21 cleavage (red, gain of interactions; blue, loss of interactions). RAD21 depletion leads predominantly to reduced interactions within domains. The domain identification (domain calls, DC; directionality index, DI) is also shown. (D) Similar to C, but showing the changes in interaction frequencies at the same region after CTCF depletion by siRNA. A similar pattern of reduced intradomain interaction frequency as in C is observed, visible as blue outline of the domains in the differential plot (siCTCF-siControl). CTCF depletion yields increased interdomain interactions, visible as red signals between domains. (E) Quantification of the average change of interaction frequencies after RAD21 depletion, analyzed separately for intradomain (blue) and interdomain (yellow) interactions. In both cases, RAD21 depletion leads to a reduced interaction frequency. (F and G) The frequency change of intra-(F ) and interdomain (G) interactions was analyzed for the presence of SMC3 on the interacting bins. The loss of interactions is in both cases correlated with SMC3-binding (F, purple; G, orange). (H) Quantification of the average change of interaction frequencies after CTCF siRNA depletion separated for intradomain (blue) and interdomain (yellow) interactions. CTCF depletion leads to a reduced interaction frequency within and to an increased interaction frequency between domains. (I and J) The change of interaction frequency of intra-(I) and interdomain (J) interactions was further analyzed for the presence of CTCF on the interacting bins. The gain of interactions is more pronounced for interdomain interactions (J) and is stronger when CTCF-sites are present in the interacting bins (J, orange).
throughout the genome, and CTCF may play a greater role in determining the specificity of interactions and the identity of topological domains.
Cohesin and CTCF Depletion Affect Gene Expression in Different
Ways. Loss of cohesin or CTCF seems to affect chromatin structure in different ways. Given the intimate relationships between chromatin structure and gene regulation, we predict that loss of these two factors would also affect gene expression differentially. To test this, we performed RNA-sequencing (RNAseq) in the control (RAD21cv/TEV) and RAD21-depleted (RAD21cv/HRV) cells, as well as CTCF RNAi and mock-treated cells. In both cases we observed only modest changes in gene expression (SI Appendix, Tables S1-S4), consistent with earlier observations (3). We observe 48 and 161 differentially expressed genes (false-discovery rate, FDR < 5%) for RAD21 and CTCF depletion, respectively, but very little overlap between these sets (Fig. 4A) . Among the genes with reduced expression after RAD21 depletion are several Hox genes (HOXA11AS, HOXA-AS3, HOXB-AS3, HOXB5, HOXC9) (Fig. 4B) . We validated the reduced expression of HOXB-AS3, HOXA-AS3 and H19 by RT-PCR and qPCR (Fig. 4C ). Hox genes have been shown to be regulated by antisense transcription as well as the topological organization of the locus and the contact to remote enhancers (22, 23) , but so far only for the HOXA cluster has a role cohesin and CTCF at the barrier element been shown (24) . Among genes that are differentially expressed after CTCF depletion, we observed a clear enrichment of CTCF-binding at their promoters (Fig. 4 D and E) , with a median distance from the transcription start site to the nearest CTCF binding site being only 191 bp (SI Appendix, Fig. S12B ). In contrast, genes that are differentially expressed after cohesin depletion are not directly bound at their promoter by SMC3 (Fig. 4F ), although they are located closer to SMC3 binding sites than would be expected at random (median distance ∼4 kb) (SI Appendix, Fig. S12A ). This finding indicates that altered expression of genes after RAD21 cleavage may be a product of higher-order chromatin structural changes, for example at the HOXA and HOXB cluster (SI Appendix, Fig. S13 ). To validate this finding, we analyzed interactions of cohesin-regulated genes with DNase hypersensitive sites as markers for potential distal gene regulatory regions at a restriction fragment-level resolution. We observed that cohesin-regulated genes lose more interactions with distal DNaseI hypersensitive sites than with noncohesinregulated Ref-seq genes (Fig. 4G) . These results suggest that cohesin may regulate gene expression by affecting the interaction frequency of genes with distal regulatory elements, whereas CTCF may directly regulate genes by binding at their promoters.
Discussion
To reveal the role of CTCF and cohesin in the 3D organization of the human genome, we acutely depleted either the cohesin complex or CTCF from cells and examined the changes in chromatin organization using a combination of 4C, Hi-C, and 3D-FISH. We show that cohesin and CTCF contribute differentially to the topological domain architecture. First, CTCF or cohesin-bound regions are more likely to interact with each other than other genomic sites, extending recent observations at six genetic loci in mouse ES cells (12) and supporting a critical role for these factors in the folding of the chromatin fiber. Second, disruption of the cohesin complex by proteolytic cleavage leads to loss of shorter-range chromatin interactions. Surprisingly, this loss of chromatin interaction is not accompanied by breaking down of topological domain organization. Third, depletion of CTCF also reduces the intradomain interactions but, in contrast to cohesin removal, it also leads to increased interactions between Table S1 ). Transcription of the H19 noncoding RNA was reduced after CTCF depletion and also by RAD21 cleavage. (mean n = 3 ± SD). (D) Transcription of the ENPP3 gene is increased after CTCF knockdown. Normalized RNA-seq read coverage are shown for control siRNA and CTCF siRNA (+strand, purple; −strand, turquoise). CTCF binding sites are at the promoter and also intragenic. The up-regulation was confirmed by RT-PCR to depend solely on CTCF knockdown (SI Appendix, Fig. S9F) . (E) Position of CTCF sites analyzed relative to transcription start sites of all genes (black) and genes with altered expression after CTCF depletion (blue). Each line represents the average fold-enrichment of CTCF relative to input over a ±2.5-kb window surrounding the promoters of genes bound by CTCF. CTCF is enriched at the transcription start site of differentially expressed, in particular down-regulated genes (green), but it localizes more in the gene body at up-regulated genes. (F) Similar to E, except showing the fold-enrichment of SMC3 over input at the promoter of genes altered after RAD21 cleavage. SMC3 does not appear to be enriched at the promoter of the genes regulated by cohesin depletion. (G) Analysis of changes in interaction frequency between restriction fragments containing a promoter and restriction fragments containing a distal DNaseI hypersensitive site (DHS). Shown is the fraction of genes that display a 50% reduction or 50% increase in interaction frequency after RAD21 cleavage for either cohesin-regulated genes neighboring domains. In light of the interaction between cohesin and CTCF and their colocalization, we propose that cohesin is mainly involved in chromatin interactions within topological domains, whereas CTCF is important for their spatial segregation (Fig. 4 H-J) . CTCF is bound stably to the chromatin (25) and likely maintains boundaries by determining the localization of cohesin. Without CTCF, cohesin would no longer localize properly and, hence, form nonspecific interactions reaching beyond boundaries. This theory suggests that the removal of CTCF and cohesin would have different effects on gene expression, and indeed there is very little overlap between genes affected by the removal of CTCF or cohesin. Correlating these genes with cohesin and CTCF binding sites revealed that differentially expressed genes after CTCF depletion tended to have CTCF sites close to the promoter. Genes differentially expressed after cohesin cleavage do not correlate with cohesin; instead, a correlation with neighboring DNase hypersensitive sites marking potential regulatory elements suggests that these genes have lost contact to neighboring enhancers. Several misregulated genes belong to the developmentally important HOX clusters, whose properly timed and localized expression is regulated by topological domain organization and remote enhancers (22, 23) . In at least two HOX clusters (HOXA, HOXB) we observed a loss of interactions after cohesin cleavage (Fig. 2G , and SI Appendix, Fig. S13 ). This finding shows that defects in cohesin or its regulatory proteins could influence topological domain organization of developmental genes, and hints how cohesin defects might be linked to the phenotype observed in patients diagnosed with Cornelia de Lange syndrome, a "cohesinopathy" that is associated with defects in multiple organ systems (26) .
The finding that the topological domain structure remains largely intact after cohesin (and CTCF) depletion is surprising, considering the high density of cohesin occupancy at topological domain boundaries, and the extensive colocalization between CTCF and cohesin. However, protein depletion is never complete, and the transfection efficiency is also never 100%. Therefore, the observed effects might be weaker than under full depletion, which can only be addressed in the future by more sophisticated geneablation methods.
However, our general finding is independent from the depletion efficiency and another study by Seitan et al. (27, 28) , using a different experimental system where Rad21 is depleted rather slowly over 10 d in mouse T-cells, also found that deletion of Rad21 fails to interrupt topological domain formation (27) . Thus, although the cohesin complex is important for the chromosomal interactions within topological domains, it is not required for the formation of these domains. Taken together, our results provide an initial model for understanding the mechanisms of higher-order chromatin organization and its relationship to gene expression.
Materials and Methods
HEK293T stable cell lines containing episomes coding for RAD21cv or RAD21wt and RAD21 siRNA were grown for 3 d in the presence of doxycycline until RAD21 was replaced by the engineered RAD21 versions, transfected with either control protease (TEV) or cleavage protease (HRV), and harvested after 24 h.
A detailed description of all methods can be found in the SI Appendix.
